Background: Although the Dietary Approaches to Stop Hypertension (DASH) diet lowers blood pressure (BP) for adults with normal kidney function, evidence is lacking regarding its safety and efficacy in chronic kidney disease (CKD). We aimed to test the effects of the DASH diet on serum electrolytes and BP in adults with moderate CKD.
Introduction
There is a paucity of data on evidence-based dietary therapies that safely lower blood pressure (BP) in adults with chronic kidney disease (CKD). The same diets that lower BP in adults with normal kidney function have potential to adversely affect individuals with CKD. These diets typically emphasize liberal consumption of fruits and vegetables, whole grains, dairy, poultry, fish, legumes and nuts, and thereby have more potassium, phosphorus and protein than is currently recommended for patients with CKD [1, 2] . If consumed in large quantities, these nutrients could cause acute or long-term electrolyte abnormalities, derangements in mineral metabolism and progressive kidney failure. The benefits and risks of evidence-based BP-lowering diets have not been rigorously tested among adults with moderate or severe CKD.
The risks for patients with CKD to develop diet-related complications are influenced by several factors, such as the presence of comorbid conditions, medication use and severity of kidney dysfunction. For example, incidence of hyperkalemia and hyperphosphatemia substantially increases as kidney function worsens and is most prevalent among individuals with end-stage kidney disease [3] . Additionally, factors such as age >65 years, diabetes and use of renin angiotensin aldosterone system (RAAS) inhibitors are associated with earlier onset of metabolic complications [3, 4] . This suggests that perhaps a subset of adults who are younger, non-diabetic, not taking RAAS inhibitors and/or have less severe CKD could safely benefit from diets that improve BP.
The Dietary Approaches to Stop Hypertension (DASH) diet is an evidence-based treatment for hypertension [5, 6] . It is rich in fruits and vegetables, low-fat dairy, whole grains, lean meats, fish, poultry, nuts, seeds and legumes, with reduced sweets and saturated fat. In addition to lowering BP, the DASH diet also improves low-density lipoprotein cholesterol, insulin sensitivity and risk for coronary heart disease, heart failure and stroke [7] [8] [9] -all highly important treatment targets for patients with CKD. In the current pilot study, we evaluated the short-term effects of DASH on serum electrolytes, markers of mineral metabolism, and clinic and ambulatory BP in adults with medication-treated hypertension and moderate CKD.
Materials and methods

Study design and participants
We conducted a prospective, before-after pilot feeding study from February to August 2014. Participants were recruited from Duke clinics and the local community. Study entry criteria are shown in Table 1 . The study protocol was approved by the Duke Institutional Review Board and all participants provided written informed consent.
Study diets and feeding protocol
The feeding intervention was designed to follow a similar protocol to DASH multicenter trials [5, 6] . Each participant received an isocaloric 'run-in' diet for 1 week immediately followed by an isocaloric DASH diet for 2 weeks. The nutrient composition of each diet was estimated using Food Processor Nutrition & Analysis Software (Salem, OR, USA) ( Table 2 ). The run-in diet was fashioned after the average daily intake of most American adults [10] . The reduced sodium content of both diets was equivalent (2400 mg/2100 kcal/ day) and intentionally designed to avoid iatrogenically increasing BP in hypertensive adults with diminished capacity to excrete sodium. Menus were pre-set to contain 2100, 2600, 3100, 3600 and 4200 kcal/day. Unit cookies (100 kcal) with a nutrient content comparable to each study diet were provided as needed to achieve intermediate kilocalorie levels. Participants were asked to discontinue all vitamin and mineral supplements and to maintain their usual physical activity.
All study food and beverages were prepared in a metabolic kitchen at Duke University's Sarah W. Stedman Nutrition & Metabolism Center. Participants were served dinner menu items, which was the largest meal provided, each weekday at the study center regardless of their scheduled feeding time. All other study food and beverages were packaged 'to go' and sent home with participants. Adherence was monitored by weekday attendance, direct observation of on-site meals, and daily food diaries that participants used to document all uneaten 'take home' food and also document consumption of non-study food or beverages.
Measurements
Study data were obtained by trained staff. Baseline data were collected on the last 2 days of the run-in diet and follow-up data were collected on the last 2 days of Weeks 1 and 2 of the DASH diet ( Figure 1 ). Staff and study participants were not masked to study protocol or diet.
Body mass index. Height was measured in duplicate to the nearest 0.1 cm and averaged using a wall-mounted calibrated stadiometer at initial screening only. Weight was measured using a research quality calibrated digital scale in duplicate to the [11] . Dipping status was defined as nocturnal decline in systolic blood pressure (SBP) of 10% or more [11] .
Laboratory studies. Fasting blood samples were assayed for glucose, sodium, potassium, bicarbonate, urea nitrogen, creatinine, calcium, phosphorus, albumin, creatinine, intact parathyroid hormone (PTH) and 25-hydroxy-vitamin-D. The CKD Epidemiology Collaboration creatinine (CKD-EPI) equation was used to determine estimated glomerular filtration rate (eGFR) [12] . The CKD-EPI equation was selected over other equations, such as MDRD, due to its greater accuracy in estimating kidney function in adults with preserved kidney function [12] , which was characteristic of the majority of our screening population. Twenty-four hour urine was collected on Days 5 or 6 of the run-in period and for DASH week 2 and assayed for sodium, potassium, phosphorus, magnesium, bicarbonate, urea nitrogen, creatinine and albumin. To correct for variability in collection time, 24-h urine laboratory values were estimated using the following equation: (total urine concentration × 24 h)/total hours of self-reported urine collection. All laboratory studies were performed at LabCorp (Burlington, NC, USA).
Analytical strategy
When baseline and 1-week follow-up data are presented, all 11 enrollees are included; when 2-week data are presented, the 10 
Results
Eleven participants met the study criteria; one withdrew consent after completing DASH week 1 due to symptoms attributed to lactose intolerance and 10 completed the entire study ( Figure 1 ). Of 11 participants, 6 were women, 10 were African American, mean age was 63.2 ± 12.0 years and mean eGFR was 52.0 ± 7.0 mL/min/ 1.73 m 2 (range: 42.0-62.1 mL/min/1.73 m 2 ). One participant (P7 who withdrew after DASH week 1) had eGFR >60 mL/min/ 1.73 m 2 and was included in the study due to a rounding error. Individual participant data are shown in Table 3 .
Adherence
Eight of 11 participants attended all scheduled on-site meals.
Of the three participants who missed on-site meals, two (P4 and P10) received their meals 'to go' to prevent interrupting the study diet and one (P10) substituted non-study foods for 1 day. Weight remained stable from baseline to DASH week 2 (mean change −0.3 ± 1.4 kg; P = 0.56); six participants had <1% change and all had ≤2.5% change (see Supplementary data, Table S1 ). Compared with baseline, 24-h urine excretion of potassium (P = 0.01), phosphorus (P = 0.03) and urea nitrogen (P = 0.04) were significantly higher at DASH week 2, likely reflecting increased consumption of fruits, vegetables and protein (Supplementary data, Table S2 ). There were no significant changes in urine excretion of sodium (P = 0.21), magnesium (P = 0.29) and calcium (P > 0.99).
Laboratory studies
At DASH week 2, there were no significant changes in mean serum phosphorus (P = 0.15), calcium (P = 0.48), urea nitrogen (P = 0.43), 25-hydroxy-vitamin-D (P = 0.44) or plasma PTH (P = 0.88) ( Table 4) . Incident hyperphosphatemia and hypercalcemia were not observed. Mean serum bicarbonate was significantly lower at DASH week 2 (−2.5 ± 3.0 mg/dL; P = 0.03). New onset metabolic acidosis was not observed. Serum potassium increased for 6 of 11 participants at DASH week 1; the largest was 1.1 mg/dL (from 3.6 to 4.7 mg/dL) and all others increased by 0.6 mg/dL or less. Serum potassium increased for 5 of 10 participants at DASH week 2; one increased by 0.7 mg/dL and all others by <0.5 mg/dL. Overall, mean serum potassium was significantly higher after DASH week 1 (+0.28 ± 0.4; P = 0.043) but was not significantly different from baseline after DASH week 2 (+0.15 ± 0.28; P = 0.13). Incident hyperkalemia was not observed.
Blood pressure
Medication and screening BP data are shown in Table 3 . Mean clinic SBP was 129.3 ± 24.9 mmHg at baseline, 133.6 ± 24.0 mmHg after DASH week 1 and 128.3 ± 17.5 after DASH week 2. SBP did not significantly change from baseline to DASH week 1 (4.4 ± 7.4 mmHg; P = 0.08) or baseline to DASH week 2 (−1.6 ± 13.8 mmHg; P = 0.72). Mean clinic DBP was 79.5 ± 13.2 mmHg at baseline, 82.5 ± 11.7 at DASH week 1, and 78.3 ± 10.2 at DASH week 2. DBP did not significantly change from baseline to DASH week 1 (2.9 ± 5.9 mmHg; P = 0.13) or baseline to DASH week 2 (−2.6 ± 8.9 mmHg; P = 0.38). After DASH week 2, clinic SBP was reduced in 6 of 10 participants (range: −4.5 to −20 mmHg) and clinic DBP was reduced in 7 of 10 participants (range: −2.5 to −13.5 mmHg); one participant had an increase in anti-hypertensive medications, one had a reduction and all others had no medication changes (Table 4) .
Mean ambulatory SBP was 135.4 ± 25.1 mmHg at baseline and 130.8 ± 19.8 mmHg at DASH week 2; net change was not significant (−4.6 ± 9.3 mmHg; P = 0.15). Mean ambulatory DBP was 79.0 ± 13.6 mmHg at baseline and 77.1 ± 13.7 at DASH week 2; net change was not significant (−1.9 ± 4.6 mmHg; P = 0.23). Daytime SBP, daytime DBP and nighttime SBP were also unchanged at DASH week 2 (−3.8 ± 9.2 mmHg, −0.7 ± 4.4 mmHg and −7.9 ± 11.5 mmHg, respectively; P > 0.05). Nighttime DBP was significantly lower (−5.3 ± 5.8 mmHg; There were significant overall improvements in both percent nocturnal SBP decline (2.1 ± 4.4% to 5.1 ± 6.1%; P = 0.01) and percent nocturnal DBP decline (3.7 ± 7.2% to 10.0 ± 7.4%; P = 0.01) from baseline to DASH week 2, which means participants' BP trended towards that of a dipping pattern. Although all participants who were classified as non-dipper before the intervention remained non-dippers after the intervention, the degree to which daytime SBP and DBP was reduced improved in 8 of 10 and 9 of 10 participants, respectively. Individual-level nocturnal BP results are shown in Figures 2 and 3 . 
Barriers to recommending the DASH diet for individuals with CKD are mainly related to concerns about safety. Our pilot data in adults with hypertension and moderate CKD demonstrated that a reduced-sodium DASH diet increased serum potassium and lowered serum bicarbonate modestly without causing incident hyperkalemia or new onset metabolic acidosis, suggesting that it may be safe for this patient population. In this small study, DASH significantly enhanced percent nocturnal BP decline, which is an ambulatory BP trait that has favorable cardiovascular benefits [11, 13] . Thus, our findings further suggest that a reduced-sodium DASH diet may be beneficial for BP in moderate CKD. To our knowledge, this is the first controlled feeding study of the DASH diet in moderate CKD. Although our pilot data cannot provide definitive evidence of the safety and benefit of DASH in CKD, the individual-level data raise some matters that should be addressed in future research. For example, our participants consumed the DASH diet for 2 weeks without evidence of acute adverse effects; however, it is not known whether transient hyperkalemia and/or metabolic acidosis occurred between data collection visits. Serum potassium was highest for most participants (8 of 11) after receiving the DASH diet for 1 week but potassium was not significantly different from baseline after 2 weeks. This suggests that for individuals with stable, moderate CKD, the risk of developing acute hyperkalemia may be highest within the first week of initiating DASH, and in future studies early measurement will be essential. One participant (P1) whose serum potassium approached the upper limit of normal had several known risk factors for hyperkalemia, including age >65 years [3] , mild metabolic acidosis at screening and use of angiotensin-converting enzyme inhibitor [3] without concomitant use of a loop or thiazide diuretic. In future studies, these risk factors should be considered in determining who may safely benefit from DASH. Nonetheless, our data are consistent with prior studies in mild and severe hypertensive kidney disease in which high fruit and vegetable intake (comparable to DASH) was well-tolerated [14, 15] .
We observed the DASH diet to reduce serum bicarbonate concentrations in 8 of 11 participants. Reduced serum bicarbonate was unexpected because diets that are rich in fruits and vegetables tend to have base-producing properties [16, 17] . In four participants, the reduction was small (≤2 mg/dL), but in the others it was 4 mg/dL or more, and the largest reductions tended to occur in those with the highest baseline serum bicarbonate concentrations. Theoretically, differential adherence to the acid-producing foods in DASH (e.g. dairy, whole wheat, fish) could explain this finding, but statistically significant increases in 24-h urinary excretion of potassium, phosphorus and urea suggest dietary adherence to both base-and acid-producing foods. Due to our small sample size and lack of a control group to account for normal biological variability of serum bicarbonate, further studies are needed to confirm or negate this counterintuitive finding. If substantiated in a more definitive trial, it would have important implications for safety that perhaps may warrant modifying the DASH diet to more strongly emphasize base-producing foods and to de-emphasize acid-promoting foods.
We did not observe significant changes in serum calcium, phosphorus, vitamin D or plasma PTH concentrations, and individual-level data do not suggest a consistent trend. This suggests that the calcium, phosphorus and protein content of the DASH diet may not adversely affect mineral metabolism in individuals with moderate CKD. Similarly, PTH did not change in our study. In a prior study in individuals without CKD, DASH for up to 90 days did not increase PTH and was associated with reduced bone turnover [18] . Further studies are needed to determine whether the same potentially beneficial bone effects occur in individuals with CKD.
Overall, we did not observe significant reductions in mean clinic or ambulatory BP, despite prior evidence of BP-lowering with DASH within 1 week [19] . Several factors may account for this finding. First is the lack of statistical power in our pilot study. Secondly, 9 of 11 participants experienced a substantial reduction in BP after receiving the run-in diet, perhaps to an extent that any added effect of DASH on BP was masked. Improved medication adherence, regression to the mean, habituation and/or the low-sodium content of the run-in diet could have contributed to BP reductions that preceded and followed the DASH diet intervention. Lastly, although 2 weeks are sufficient for DASH to lower BP in individuals with normal kidney function [5] [6] [7] 20] , it is possible that longer time is needed in adults with CKD. Despite these limitations, 6 of 10 participants experienced a reduction in SBP, suggesting an effect that would be evident in an adequately powered study and/or subsets with CKD that may be more responsive to DASH.
The observed reduction in nighttime DBP and enhanced percent nocturnal SBP and DBP decline may have important clinical implications. Non-dipping and a blunted nighttime BP decline are associated with increased cardiovascular events [13, 21] . Both phenomena are more common in African Americans [22] [23] [24] and increase in prevalence as kidney function worsens [25] . In a 4-month behavioral intervention trial, DASH significantly improved nocturnal dipping in African Americans with normal kidney function [22] . Whether improvements in nocturnal BP from a sodium-reduced DASH diet observed in the current study were related to our participants being primarily African American, their CKD status or both requires further determination. If substantiated in a more definitive trial, a favorable diurnal BP pattern could beneficially impact outcomes for African Americans and individuals with CKD, patient populations with high risk for cardiovascular disease.
Our study has several limitations. We used a single measurement of serum creatinine to determine eGFR. We believe the CKD status of our participants was appropriately defined because a qualifying eGFR was confirmed by medical record review for 9 of the 11 participants prior to study enrollment. Furthermore, little to no variability in serum creatinine (absolute change of 0-0.2 mg/dL from baseline) was detected for participants during the study, suggesting that baseline creatinine was an accurate reflection of their kidney function. Other limitations result primarily from our study being pilot in nature with a small sample size, which limits power, lack of a control group, and short duration of feeding, which limits conclusions about durability of effect. While the serendipitous enrollment of primarily African Americans limits generalizability of results, it also provides an opportunity to assess the effects of DASH in a patient population that shares a high burden on cardiovascular disease-related risk and could benefit substantially from non-pharmacologic intervention. Enrollment of only a few diabetics and few individuals with CKD stage 3B (eGFR of 30-44 mL/ min/1.73 m 2 ) also limits generalizability. Additionally, we could not assess DASH effects independent of sodium reduction and anti-hypertensive medications. However, this context likely represents the 'real-world' in which DASH would be prescribed as addon therapy to anti-hypertensive medications and sodium reduction in this patient group.
Conclusion
Despite limitations, this pilot study lays important groundwork for assessing the safety and efficacy of DASH in CKD. There is 
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